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Abstract 
Operational Modal Analysis (OMA), also known as output-only modal analysis, allows identifying 
modal parameters only by using the response measurements of the structures in operational conditions 
when the input forces cannot be measured.  This information can then be used to improve numerical 
models in order to monitor the operating and structural conditions of the system. This is a critical aspect 
both for condition monitoring and maintenance of large wind turbines, particularly in the off-shore 
sector where operation and maintenance represent a high percentage of total costs. Although OMA is 
widely applied, the wind turbine case still remains an open issue. Numerical aeroelastic models could 
be used, once they have been validated, to introduce virtual damages to the structures in order to 
analyze the generated data. Results from such models can then be used as baseline to monitor the 
operating and structural condition of the machine. 
 
Introduction 
The objective of this paper is to apply advanced Operational Modal Analysis (OMA) techniques to 
predict in advance failures or damages with a monitoring application based on the analysis of modal 
parameters and their variations in operating conditions. In this way, the risk to have catastrophic 
failures and cost associated can be significantly reduced. OMA is a technique that allows extracting the 
modal parameters from vibration response signals. The main difference compared to the traditional 
experimental modal analysis is that it does not need the measurement of the input forces so that also 
structures under operating conditions, or in other situations where it is impossible to measure the input 
forces, can be tested. The information obtained from this analysis can then be used to improve 
numerical models, to predict the dynamic behavior of new designs, to identify the modal parameters of 
prototypes and to monitor systems in operating conditions. 
The problem associated with the dynamic identification of wind turbines has its roots in 1990 when a 
special technique known as Natural Excitation Technique (NExT) was developed to estimate modal 
parameters of wind turbines excited in their operating environment [1]. Although the first application of 
an OMA methodology was related to a vertical-axis wind turbine, not many other applications to wind 
turbines were studied later on. The main reason is the fact that most of the OMA assumptions are 
violated by operating wind turbines.  
With this paper, an advanced OMA technique, the so-called PolyMAX Operational Modal Analysis 
technique is applied to different set of simulated data obtained introducing virtual damages to the unit 
under test. The main objective is to predict damages by means of modal parameters variations for 
condition monitoring and maintenance (O&M) purposes. In section 2 the PolyMAX Operational Modal 
Analysis technique is briefly presented. The NREL offshore 5-MW baseline wind turbine is sketched 
out in Section 3. Section 4 describes the virtual damages introduced in the wind turbine such as ice on 
all the blades and unbalanced masses. Finally in Section 5 the mentioned OMA technique is applied to 
the different load cases. 
 
PolyMAX Operational Modal Analysis 
Several OMA techniques have been developed and evaluated in the past years [2]. In this paper, the 
PolyMAX method has been selected to perform the operational modal analysis. It has been developed 
as a polyreference version of the least-squares complex frequency-domain (LSCF) estimation method 
using a so-called right matrix-fraction model [3]. 
In case of Experimental Modal Analysis [4], the modal decomposition of an FRF matrix [H(ω)] is: 
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where l is the number of outputs; N is the number of modes and half of the system order, * is the 
complex conjugate operator, 
H
 is the complex conjugate transpose of a matrix, *  + are the mode 
shapes, 〈  
 〉 are the modal participation factors and    are the poles.  
The input spectra [Suu(ω)] and output spectra [Syy(ω)] of a system represented by the FRF matrix in (1) 
are related as: 
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In case of operational data, output spectra are the only available information. The deterministic 
knowledge of the input is replaced by the assumption that the input is white noise. 
The PolyMAX algorithm greatly facilitates the operational modal parameter estimation process by 
producing extremely clear stabilization diagrams, making the pole selection a lot easier by means of 
estimating unstable poles (i.e. mathematical or noise modes) with negative damping making them 
relatively easy to separate from the stable poles (i.e. system modes).  
 
NREL offshore 5-MW baseline wind turbine 
In this section the wind turbine model used as test case is described. The NREL offshore 5-MW 
baseline wind turbine has been developed by the National Renewable Energy Laboratory (NREL) to 
support concept studies aimed at assessing offshore wind technology. It is a conventional three-bladed 
upwind variable-speed variable blade-pitch-to-feather-controlled turbine [7]. The main objective is to 
analyze the global dynamic behavior of the full-scale turbine; for this reason the model has been built 
as simple as possible. The generated model is shown in Figure 1 and it can be divided in three main 
components: 
 
                         
Figure 1: NREL 5 MW S4WT model (left) and Test.Lab geometry (right) 
 
 Tower: it is modeled as 5 elastic beam elements with lumped masses and hinged to the ground 
foundation. The total tower height is 90 m. 
 Rotor: in the 3-bladed rotor, each blade is identical and is modeled with 17 sections with 
specific mass, elastic and aerodynamic properties. 
 Drivetrain: the transmission is simplified into a 1 degree-of-freedom system with a gear ratio of 
97 between the Low Speed Shaft (LSS) and the High Speed Shaft (HSS).  
 
The software SAMCEF for Wind Turbines (S4WT) allows the user to define both a structural and an 
aerodynamic model which are then solved together to obtain the coupled aero-elastic solution [8]. 
Different parameters can be assigned; in this analysis a turbulent wind has been applied because the 
interest of the analysis lays in the turbine dynamic response in real conditions. The wind main 
component is in the X direction (in the model, from LSS to HSS), but to have a more realistic response 
also turbulent fluctuations on the other two directions are included. 
 
Table 1: Wind turbine main parameters 
Blade Length 61.5 m 
Blade Overall Mass 17740 Kg 
Tower Height above Ground 87.6 m 
Tower Overall Mass 347460 kg 
Gearbox Ratio  97:1 
 
Load cases 
The model of the wind turbine is analyzed in different operating conditions and the modal parameters 
are extracted from the generated acceleration signals by means of Operational Modal Analysis. The 
different models are solved in S4WT and accelerations are computed and exported in LMS Test.Lab for 
processing and identification [9]. 
In order to have simulated accelerations that can be considered as accelerations obtained from tri-axial 
accelerometers mounted on the blades, it is necessary to consider them in the local reference frame in 
which the X axis is the blade axis (oriented toward the blade tip), the Y axis is aligned with the chord-
line and belongs to the blade section plane (oriented toward the leading edge) and the Z axis is normal 
to the chord line and belongs to the blade section plane. Using this axis configuration, the edge-wise 
modes are described by bending along the Y axis while flap-wise modes bend the structure along the Z 
axis. Axial modes along the blade pitch axis can be neglected since they appear at frequencies much 
higher than those the analysis will focus on in this paper. 
Different locations are selected to measure the accelerations; three sensors distributed along the tower, 
one sensor at the hub center and five sensors per-blade located on the pitch axis. 
After analyzing the response of the structure in reference and ideal conditions, different possible 
damages will be introduced to understand how they affect the measured accelerations. In this 
preliminary assessment, two main damages are introduced consisting of the ice formation on the blades 
and the presence of a mass unbalance on a blade. The presence of ice on the blades can create excessive 
turbine vibration and can change the natural frequencies of the blades as well as increase the fatigue 
loads. It is very important to predict when the icing phenomena occur. Icing has two main effects [10]; 
on one hand it modifies the blade shape increasing the drag and decreasing the lift and on the other 
hand the presence of an additional and not uniformly distributed mass could cause unbalancing of the 
rotor.  
Within the software S4WT, the conditions “ice formation on all rotor blades” and “ice formation on all 
rotor blades except one” can be investigated. The mass distribution (mass/unit length) is assumed at the 
leading edge of the rotor blade and it increases linearly from zero at the rotor axis to the maximum 
value µE at half the radius and then it remains constant up to the outermost radius. The value µE is 
calculated as: 
 
µE = ρE · k · cmin (cmax + cmin).              (3) 
 
where μE is the mass distribution on the leading edge of the rotor blade at half the rotor radius, ρE is the 
ice density, R is the rotor radius, cmax is the maximum chord length and cmin is the chord length at the 
blade tip, linearly extrapolated from the blade contour and: 
 
k = 0.00675 + 0.3 exp (-0.32 R)                          (4) 
 
The second damage condition which has been simulated is the presence of an unbalanced mass that is 
added to a particular location on one of the wind turbine blades. A little cubic mass (m=30 Kg) placed 
not far from the rotor center was considered for this preliminary analysis. 
 
Data analysis 
First of all, the wind turbine is analyzed in parked conditions. This load case represents the condition in 
which the blades are parked and the generator is disconnected; the first seconds are used to place the 
pitch in its parking position and the rotor at the angle specified as initial rotor angle. At the start time, 
the rotor is released, but the pitch remains fixed.  
Long time histories are usually required for confident modal parameters estimation, but on the other 
hand a small sampling frequency is necessary to better determine low frequency modes; as a good 
compromise between these requirements and the computational time, the simulations last 700 seconds 
and the sampling frequency is chosen to be equal to 100 Hz. The interesting modes are at very low 
frequencies; so a down-sampling to 10 Hz has been performed in the first part of the analysis. 
To perform Operational Modal Analysis, the point at the tower top is chosen as reference for the 
correlations and spectra computation, which are then used to extract the modal parameters by means of 
PolyMAX method [11]. To simplify the entire procedure, the accelerations along the blade axis are 
neglected. The identified modes are then compared to those one obtained using both the FAST model 
and the ADAMS model; in FAST the natural frequencies are calculated by performing an eigenanalysis 
on the first-order matrix created from a linearization analysis, while in ADAMS a command that 
linearizes the complete model and compute eigendata is used.  
 
Table 2: Numerical modes in parked conditions; STS: side-to-side;  FA: fore-aft; blade modes are 
described based on their main motion orientation 
Mode Description 
Natural frequencies [Hz] 
Test.Lab FAST ADAMS 
1 1
st
 Tower STS 0.312 0.312 0.319 
2 1
st
 Tower FA 0.329 0.324 0.316 
3 1
st  
Flap Yaw 0.666 0.666 0.630 
4 1
st
 Flap Pitch 0.675 0.668 0.669 
5 1
st
 Flap Sym 0.720 0.700 0.702 
6 1
st
 Edge Pitch 1.056 1.079 1.074 
7 1
st
 Edge Yaw 1.059 1.089 1.088 
8 2
nd 
Flap Yaw 1.853 1.934 1.651 
9 2
nd 
Flap Pitch 1.888 1.922 1.856 
10 2
nd 
Flap Sym 1.900 2.021 1.960 
 
The results are summarized in Table 2 and the agreement between them is quite good. By using 
PolyMAX all the first 10 modes can be identified and the biggest differences exist in the predictions of 
the blades second asymmetric flapwise yaw and pitch modes. “Yaw” and “pitch” mean that these blade 
asymmetric modes couple with the nacelle-yaw and nacelle-pitching motions, respectively.   
The natural frequencies shown in Table 2 are obtained in the standard configuration; they can be 
compared to those one obtained in other cases such as that one in which the presence of ice is simulated 
on all the blades or that one in which the ice is on all the blades but one. 
In order to perform a better analysis, the point at the blade root is chosen as reference for the 
correlations and spectra computation and the blade axis accelerations are neglected. The results, in the 
form of frequencies and damping values, are shown in Table 3 for some of the modes. A frequency 
shift due to the added ice mass on the blades can be observed and, as expected, increasing the mass 
decreases the natural. Not so many considerations can be done regarding the damping values because a 
global trend cannot be seen moving from one condition to another one, but it should be analyzed mode 
by mode. Besides, possible effect on damping should be more visible in operating conditions. 
 
Table 3: Numerical modes in parked conditions for different configurations 
Mode 
Standard configuration Ice on all the blades Ice on all the blades but one 
Frequency 
[Hz] 
Damping 
[%] 
Frequency 
[Hz] 
Damping 
[%] 
Frequency 
[Hz] 
Damping 
 [%] 
1
st
 Tower FA 0.329 5.59 0.324 5.13 0.324 5.24 
1
st
 Flap Yaw 0.666 6.20 0.588 7.05 0.585 7.06 
1
st
 Edge Yaw 1.059 0.75 0.948 0.95 0.948 0.99 
2
nd
 Flap Yaw 1.853 3.24 1.696 2.05 1.695 2.33 
 
For a qualitative analysis of the signals, the power spectral density (PSD) from some sensors is 
computed and shown in Figure 2. One point along each one of the three blades at the same distance 
from the rotor center is taken into account. The PSD of the time signals are calculated using the 
Welch’s estimator. The data are divided up into smaller blocks to improve the resolution; these blocks 
are defined by a block size that has a number of time samples. To achieve a high calculation 
performance, the algorithm requires that the block size be a power of 2; so a value equal to 512 is 
chosen with an overlapping between the blocks of 50% to compensate the effects of using Hanning 
windows in time domain. 
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Figure 2: PSDs of acceleration measured on one point on the 2
nd
 blade in parked conditions. Reference 
case (red curves) compared to the one with ice on the blade (blue curves) 
 
First of all, parked conditions are analyzed. Two different configurations are considered, the standard 
one and that one with ice formation on all the blades. The curves are shown in Figure 2. Almost all 
peaks for the blade with ice are shifted to lower frequencies, as a consequence of the mass increase, 
both in Y and Z directions.  
Figure 3 and Figure 4 show the PSDs in operating conditions for different configurations. The 
fundamental harmonic frequency is 0.217 Hz because of an averaged rotational speed equal to 13.02 
rpm. The PSD amplitude decreases for ice configuration in comparison with the reference case; the 
same considerations can be done regarding the mass unbalance configuration, also if the blade mass is 
quite bigger than the unbalanced mass and the differences between the two curves are not so evident. 
Figure 3 compares the reference case with the one with ice on all blades but one (the blade without ice 
is the 3
rd
 blade); in this case the peaks shift can be seen for the real modes, while the harmonics remain 
at a fixed frequency. Two resonances around 1.10 Hz and 3.75 Hz can be identified in operating 
conditions; they should correspond to the first and second edgewise modes. 
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Figure 3: PSDs of acceleration measured on one point on each blade in operating conditions. Reference 
case (left) compared to ice on all blades but one (right) 
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Figure 4: PSDs of acceleration measured on one point on each blade in operating conditions. Reference 
case (blue curve) compared to mass unbalance case (red curve) 
 
Conclusions 
In this paper, an advanced OMA technique has been applied to a wind turbine to predict in advance 
failures or damages with a monitoring application based on the analysis of modal parameters and their 
variations in operating conditions. The simulation model of a wind turbine has been built using an aero-
elastic code; first of all, data have been generated for parked conditions and processed using the OMA 
technique to identify a reference set of modes. Then, different load cases have been considered and data 
have been processed to analyze the difference in frequency and amplitude from one case to another. For 
example, adding ice on all the blades causes a frequency shift toward lower frequencies for all the 
natural frequencies. Then an operating case has been simulated and the data have been processed and 
analyzed for different conditions, with the icing and with the presence of an unbalanced mass on one of 
the three blades. In operating conditions, the presence of harmonic components in the signals makes the 
modal identification process critical because these components have a much higher energy than the 
ones related to the structural response. In the literature different techniques to separate the components 
and enhance the identification process have been implemented. In the preliminary study, the harmonics 
components have not been removed, but in a more detailed study the prediction in advance of failures 
and damages will be analyzed after using one of the harmonic removal methods. 
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